Abstract Oxovanadium(IV) 2-ethylhexanoate was established as a new primary drier for alkyd-based paints. A series of experiments has demonstrated an excellent drying activity toward solvent-borne alkyd resins of different oil length at considerably lower metal concentration than optimal for commercial cobalt(II) 2-ethylhexanoate. The behavior in real paint was simulated on formulations bearing inhibitor of autooxidation. The detailed studies of the drying process have shown that the relatively slow initial step of autooxidation reaction, when compared with cobalt compounds, is compensated for by the absence of the induction times. Furthermore, the active oxovanadium(IV) species are not consumed during the drying processes as evidenced by EPR spectroscopic measurements.
Introduction
Air-drying binders are well-established paints used in modern organic coating technologies. The presence of double bonds in the binder molecules enables the reaction with air oxygen to give a three-dimensional polymeric structure. This radical process, so-called autooxidation, converts the liquid paint layer into a firm organic coating. 1, 2 Alkyd resins modified with polyunsaturated fatty acids (e.g., linoleic acid, linolenic acid) are able to provide polymeric film without addition of any curing agents but this process is generally very slow. Therefore, the use of catalysts, so-called driers, is necessary for acceleration of the drying process and improvement of the physical properties of resulting polymeric film. 3, 4 Commercially used cobalt-based driers, e.g., cobalt-(II) 2-ethylhexanoate (Co-Nuodex), belong to the most powerful drying agents. However, the pronounced toxicity of cobalt(II) compounds 5, 6 stimulates a legislative pressure on the paint-producing industry to replace them with less toxic agents. Although highly active driers based on manganese (e.g., bipyridine or triazacyclononane complexes) 7, 8 or iron (e.g., cyclopentadienyl or bispidone complexes) [9] [10] [11] [12] are already known, a quest for novel inexpensive and highly efficient species is still ongoing. 10, 13 Our investigation of vanadium-based driers started recently on diketonate complex [VO(acac) 2 ] and its derivatives. These species have shown, in some terms, higher activity than Co-Nuodex, 14 whereas their toxicity is negligible. 15 Unfortunately, the low solubility in alkyd binder limits the application on xylene-borne formulations. In order to increase the solubility of the oxovanadium species, we decided to continue our study with a complex of the 2-ethylhexanoic acid (aka. octoic acid), see Scheme 1. The soaps of this acid are well established in paint-producing industry as primary (soaps of Co, Mn, Fe, and Ce), secondary (soaps of Pb, Zr, Bi, Ba, Al, or Sr), and auxiliary driers (soaps of Zn, Ca, Li, and K) due to increased solubility in organic solvents when compared with soaps of carboxylic acids with shorter or unbranched alkyl tail. 4, 16 In this paper, we describe the synthesis of oxovanadium(IV) 2-ethylhexanoate (VO-octoate) and its behavior in four different solvent-borne alkyd resins. The performance will be established by mechanic and spectroscopic methods. The data will be compared with a commercial cobalt-based drier in order to validate its potential for the paint-producing industry.
Experimental

Materials and chemicals
The commercial cobalt-based drier cobalt(II) 2-ethylhexanoate (Octa-Soligen Cobalt 10 in D60, CoNuodex) was obtained from Borchers GmbH. The antiskinning agent Exkin (meko) was obtained from Servo Delden.
The following solvent-borne phthalic-type alkyd resins were used for both kinetic measurements and the determination of prepared films properties: alkyd modified with tall oil CHS-Alkyd T 501 WX 55 (T50; medium oil length, acid value = 8 mg KOH/g), alkyds modified with soybean oil CHS-Alkyd S 401 X 55 (S40; short oil length, acid value = 7 mg KOH/g), CHSAlkyd S 471 X 60 (S50; medium oil length, acid value = 6 mg KOH/g), and CHS-Alkyd S 621 W 60 (S60; long oil length, acid value = 7 mg KOH/g). Metal concentrations are given in wt% based on dry matter of alkyd resin. VOSO 4 AExH 2 O (17-23% V), 2-ethylhexanoic acid (99%), sodium hydroxide (98%), and magnesium sulfate (97%, anhydrous) were supplied by Acros Organics and used without further purification.
Synthesis of oxovanadium(IV) 2-ethylhexanoate (VO-octoate)
Oxovanadium(IV) sulfate (5 g) was dissolved in distilled water and treated with 2-ethylhexanoic acid (6.65 g). The mixture was neutralized by an aqueous solution of sodium hydroxide under stirring. The crude product was extracted with dichloromethane (200 ml). The dark green solution was washed three times with 300 ml of water and dried by magnesium sulfate. The volatiles were vacuum evaporated on rotavapor. The oxovanadium(IV) 2-ethylhexanoate appears as a 20-35% solution in 2-ethylhexanoic acid and was used without isolation. The exact concentration of vanadium was determined by atomic absorption spectroscopy (AAS). Anal. Calc. for 33.4% solution in 2-ethylhexanoic acid (according to AAS): C: 62.54; H: 10.31. Found: C: 62.62; H: 10.18.
Film preparation
Drier was weighed on an analytical balance, treated with alkyd resin, and stirred for 15 min to get a homogenous mixture. The films were cast on clean glass plates using frame applicators with different gaps (76 lm for the film drying time, 150 lm for the film hardness, 200 lm for the measurements of coloration, and 100 lm for the kinetics experiments).
Film drying time
The drying performance of the studied catalytic systems has been determined using a BYK Drying Time Recorder. The instrument is a straight-line recorder equipped with a hemispherical ended needle (5 g weight used). The needle travels the length of the test strip under standard laboratory conditions (temperature 23°C, relative humidity 50%). Glass test strip was prepared by casting a film upon it (thickness was 76 lm of wet film). The trace left on the film during the drying has been used to define tack free time (s 1 ) and total dry time (s 2 ). During the stage 1 (t = 0 À s 1 ), the paint flows together and starts to polymerize. It gives a bold and uninterrupted line. During the stage 2 (t = s 1 À s 2 ), the surface is sticky and the path is ripped. After s 2 (stage 3), the paint is through dry and needle travels on top of the surface and no trace in the film is observable.
17,18
Determination of film hardness Film hardness development was monitored using a Persoz-type pendulum (Elcometer Pendulum Hardness Tester, UK) in conformity with ISO 1522. The method is based on registering the number of pendulum swings it takes before the amplitude of the pendulum is damped to a certain extent. The more swing observed, the harder is the film. A plain glass test plate (10 9 20 cm) was coated with a 150-lm film (wet thickness) dried with the appropriate drier system and film hardness was measured within 100 days. The measured value was related to the hardness of a glass standard and expressed as relative hardness. The error in determination of surface hardness was estimated to be 0.5%. Summarizing the obtained data, the dependence of film hardness vs time has been determined.
Measurements of coloration
The coloration of the samples has been measured on a Ultra Scan Pro Hunter Lab in the reflection mode. A plain glass test plate (10 9 20 cm) was coated with a 200-lm alkyd film (wet thickness) containing appropriate drier and titanium dioxide as a pigment (PVC = 20%). The same system without drier was used as a reference. The color plot was configured for the scale CIELAB for D65/10.
Time-resolved FTIR experiments
The oxidation of alkyd resin was followed by timeresolved FTIR on Nicolet 6700 spectrophotometer (32 scans per spectrum with a resolution of 2 cm À1 ) in the range of 4000-500 cm À1 . A mixture of alkyd resin with appropriate drier was spread on the NaCl plate using an applicator with slot width 100 lm. The sample was placed in the spectrometer, and IR spectrum was recorded each 5 min at 23°C. Collected IR spectra were integrated using a fixed two-point baseline in the bounds, 3014-2997 cm À1 (m CH ) and 1011-947 cm
, respectively. The error in determination of k CH was less than 10% (three independent measurements for each run).
EPR spectroscopy
EPR spectra were measured on Miniscope MS 300 spectrometer in microwave X-band ($9.5 GHz). The apparatus was gauged on DPPH value (g = 2.0036 ± 2). Solution samples were measured in quartz capillaries (ID 0.5 mm) and solid samples in quartz tube (ID 5 mm) at 153 or 293 K temperature. The EPR spectra obtained were computer simulated using EPR simulation software SimFonia v.1.2 (Bruker). A second-order perturbation theory for interaction of unpaired electronic spin with vanadium nuclear spin, anisotropic linewidths, and mixed Lorentzian/Gaussian lines shapes were used.
Results and discussion
Synthesis and characterization of VO-octoate VO-octoate was prepared by a reaction of oxovanadium(IV) sulfate (VOSO 4 AExH 2 O) with an excess of 2-ethylhexanoic acid. The neutralization followed with extraction work up gives the product as a 20-35% solution in the 2-ethylhexanoic acid. The exact concentration, necessary for following experiments, was estimated by atomic absorption spectroscopy. Unfortunately, the attempts to isolate any acid-free oxovanadium species were not successful, giving only a brown solid insoluble in common organic solvents. The infrared spectrum of VO-octoate shows two strong bands of C=O stretching at 1625 and 1603 cm À1 . It clearly confirms the coordination of 2-ethylhexanoate via carboxylic groups (c.f. with spectra of VOoctoate and 2-ethylhexanoic acid in Fig. 1 ). The presence of oxovanadium moiety is associated with the appearance of the strong band of V=O stretching at 997 cm À1 . EPR spectra of VO-octoate and a behavior in various solvents and alkyd resin are given in a separate section below.
Drying performance of VO-octoate
Drying activity of VO-octoate was studied on one solvent-borne alkyd resin of medium oil length modified by tall oil (T50) and three resins of different oil lengths modified by soybean oil (S40, S50, and S60). The optimization of drying process started at overall metal concentration of 0.1 wt% in dry matter content that is common for commercial cobalt-based drier CoNuodex. Lower concentrations of the driers were used in an attempt to reduce the metal content in the paint. Drying times and relative hardness for each system under the study are summarized in Table 1 . The optimization procedure was focused mainly on minimization of the drying times (s 1 and s 2 ). Lower concentration was taken as optimal in contentious cases when only slight shortening of s 1 and s 2 is observed at considerably higher concentration.
The initial experiments were performed on alkyd resin modified with tall oil (T50). This substrate is generally more reactive than other resins of similar oil length due to the presence of unsaturated polycyclic carboxylic acid esters. Our measurements on T50 revealed short drying times and high final hardness even at low concentration of VO-octoate. At metal concentration 0.03 wt%, the performance resembles commercial Co-Nuodex at 0.1 wt%. Considerably prolonged initial stage of drying process was observed only at much lower metal concentrations (0.01 and 0.005 wt%). It is evident mainly from a long total dry time (s 2 ) that exceeds 20 h and on a decrease of the final hardness below 50%. At a concentration of vanadium at 0.1 wt%, no signs of overdosing were observed. Nevertheless, performance is not improved since the reduction of drying time and the increase in final hardness is insignificant. In the case of resins modified by soybean oil (S40, S50 and S60), the performance of VO-octoate at overall metal concentration 0.03 wt% exceeds, in some terms, Co-Nuodex at 0.1 wt% of metal. Hence, the total dry times (s 2 ) of systems bearing VO-octoate are about half of that observed for cobalt-based drier or even shorter, while the final hardness is comparable for both systems. The range of the suitable concentrations depends mainly on the oil length of the alkyd binder. In the case of the short oil resin S40, the vanadium-based drier could be used in range of concentrations 0.005-0.03 wt%. Total dry time of these formulations does not exceed 10 h, and final hardness of the coatings varies between 49.9% and 59.5%. At higher concentration (0.1 wt%), the effect of overdosing appears as evident from much longer drying times s 1 and s 2 . The autooxidation process is probably decelerated owing to a thin polymeric layer on the surface of the film that slows down the oxygen diffusion into the whole volume of the film. The performance of VO-octoate in medium oil resin S50 is very similar to the formulation VOoctoate/T50 with optimal concentration 0.03 wt%. The main difference is that the system VO-octoate/S50 shows the first signs of overdosing already at concentration 0.1 wt%. In the case of the system with long oil resin S60, the range of concentrations suitable for application is moved to higher values (0.03-0.1 wt%). In this range, very short drying times were observed. The lower limit gives a coating with the final hardness 37.2% that is comparable to the performance of CoNuodex at 0.1 wt% (H rel,100d = 39.4%). The higher concentration of vanadium enables the final hardness to be enhanced up to 45.1%. Since VO-octoate shows very good performance at 0.03 wt% of vanadium in dry matter content in all tested alkyd resins, following investigation is restricted on this concentration.
To establish the behavior of VO-octoate in real paints, the formulations with meko (0.2 wt%) as antiskinning agent were prepared. The parameters describing the drying activity of the formulations are summarized in Table 2 . They reveal that meko does not influence the activity of vanadium-based drier significantly. Hence, most of the formulations bearing meko show slightly shorter drying times s 1 and s 2 as well as the higher hardness 10 days after application. The only drawback is a lower final hardness of the systems bearing alkyd resins modified by soybean oil. Nevertheless, even these formulations are very suitable for application since they are considerably higher than observed for drier-free alkyd resins. The observed behavior of the formulations bearing meko suggests that its antiskinning properties prevent the appearance of a thin polymeric layer on the surface of the film making easier the diffusion of the air oxygen and thus acceleration of the first stages of the drying process. The lower final hardness of the coating is probably caused by inhibition of the reactive radicals appearing during the drying process.
Coloration of the alkyd coating dried by VOoctoate
Since intense green VO-octoate may negatively affect the final coloration of transparent and light-pigmented coatings, the measurements of the reflectance in the visible region were performed. The data obtained at concentration 0.03 wt% are listed in Table 3 . The systems under the study show slightly lower lightness (DL*) and increased yellowing index (Db*) compared to alkyd paint without drier. Final coloration of the films is not as neutral as in the case of dark blue cobalt-based driers which compensate for natural yellowing of the alkyd paints. Nevertheless, all films under the study are still suitable for large variety of paints including those light-pigmented.
Kinetic experiments
The mechanism of transition metal-catalyzed autooxidation has been investigated by various experimental techniques on alkyd resins [19] [20] [21] as well as several model systems. [22] [23] [24] [25] [26] It consists of the three main stages: hydroperoxide formation, hydroperoxide decomposition, and crosslinking reactions. The first one, shown in Scheme 2, could be followed by infrared spectroscopy. The performance vanadium compound is compared with Co-Nuodex at the same concentration and at optimal concentration for given formulation (T50, S60, and S50: 0.1 wt%; S40: 0.06 wt%).
The monitoring of the C-H stretching intensity reveals that half of the substrate is consumed in a few hours for VO-octoate (0.03 wt%) as well as for CoNuodex at optimal concentration in all alkyd resins under the study. In the case of Co-Nuodex, the lower concentration leads to long induction periods that are consistent with the drying time measurements. Hydrogen abstraction from double allylic methylene group is a reaction of pseudo-first order as previously proven for various driers on ethyl linoleate as a liquid model system. 7 Our measurements prove that thin layers of the alkyd resins follow this behavior until about 50% conversion, see Fig. 3 . After that, the reaction slows down considerably because the layer becomes solid and diffusion of oxygen becomes the rate determining factor. The rate coefficients determined, according to our previous studies, 9 as the highest rate coefficient within the drying process, are summarized in Table 4 together with the induction time of the reaction (IT).
The rate of hydroperoxide formation strongly depends on the drier as well as the alkyd binder. For alkyd resins of medium oil length (T50 and S50), VO-octoate shows very similar values of k CH,max to Co-Nuodex in the same binder and at the same concentration (0.03 wt%).
The better drying performance of oxovanadium compound is mainly due to the absence of the induction period. Hence, at concentration 0.03 wt%, Co-Nuodex shows induction times of 13.4 and 10.0 h for alkyd binders T50 and S50, respectively. In the case of the short-length alkyd binder (S40), the rate coefficient of VO-octoate (0.03 wt%) exceeds that of Co-Nuodex even at higher concentration level (0.06 wt%) that well correlates with the observed drying times. Performance of VO-octoate in long-length alkyd binder S60 resembles, in terms of rate coefficients as well as the drying times, the formulation VO-octoate/S50. Although CoNuodex shows, at optimal concentration 0.1 wt%, considerably higher k CH,max in these alkyd binders, the drying performance is not fully in agreement with these observations (mainly total dry time is considerably longer for Co-Nuodex). This discrepancy is probably due to higher efficiency of VO-octoate for the following step of the autooxidation process (hydroperoxide decomposition reactions). Hence, only 35% and 54% conversion of substrate is necessary for formulation VOoctoate/S60 to reach the tack free time (s 1 ) and total dry time (s 2 ), respectively. These stages are reached with the formulation Co-Nuodex/S60 (0.1 wt%) at considerably higher conversions; s 1 at 61% and s 2 at 93%. A similar observation was evidenced for the other alkyd resins under the study. The initial stage of hydroperoxide formation could be monitored by out of plane C-H bending of the conjugated double bond system (d C-H ) as well. The increase in the band in intensity reflects the formation of conjugated diene moiety. The time-dependent integral plots could be used for determination of the induction time similarly as in the aforementioned plots of m C-H . Nevertheless, the monitoring of d C-H has some limitation for the determination of rate coefficients since conjugated diene moiety is attacked in particular crosslinking and side reactions. 13 Therefore, the plots of d C-H were used only for determination of time when the maximum concentration of conjugated double bonds is reached (t conj ). For formulations bearing vanadium based drier, the curve reaches the maximum very slowly, suggesting lower participation of the side reaction than in case of CoNuodex at optimal concentration. 
EPR spectroscopic measurements
The EPR spectrum of VO-octoate, measured at room temperature, shows one broad band without appearance of hyperfine structure (g iso = 1.958), see Fig. 4 , spectrum A. The spectrum pattern does not change upon dilution with noncoordinating solvents (e.g., toluene, CH 2 Cl 2 , CHCl 3 ) implying an oligomeric structure with magnetic interaction between two or more vanadium centers. Hence, the shape of the spectrum resembles the dimeric compound {V(lONep)(ONep) 3 } 2 (Nep = neopentyl), whose structure has been determined by X-ray analysis. 27 These data imply that two or more VO(IV) moieties are connected, in our case, via bridging carboxylic groups of the 2-ethylhexanoates. The appearance of oligomeric structure is further supported by behavior in coordinating solvents. The spectra, measured in methanol at room temperature, show a pattern with clearly resolved isotropic hyperfine structure coupled by 51 V (I = 7 / 2 , 99.8%), superimposed on the aforementioned broad band (Fig. 4, spectrum B) implying partial splitting of the oligomers on the mononuclear species with |A iso | = 111.9 G and g iso = 1.964.
The EPR spectrum of the sample VO-octoate/S40 (0.03 wt%), measured at room temperature, show species with a different pattern of hyperfine coupling superposed on the broad band with g = 1.958 (Fig. 4 , spectrum C). During the drying process, the signal with hyperfine structure increases in intensity, while the broad band decreases, revealing the slow splitting of the oligomers in the alkyd binder. The spectrum of a sample collected after 10 days of drying has clear anisotropic structure due to disappearance of the oligomers, see Fig. 4 , spectrum D. The spectrum consists of two eight-line series that corresponds to a hyperfine tensor of the axial symmetry that is typical for square-pyramidal oxovanadium(IV) complexes. The elements of the magnetic tensor obtained from the system VO-octoate/S40 ( A k = 193.7 9 10 À4 T, |A^| = 74.6 9 10 À4 T, g k = 1.935, g^= 1.981) are virtually the same as those from the other alkyd resins under the study, see Table 5 . This observation indicates that the first coordination sphere of vanadium is very similar in all these cases. Nevertheless, it differs considerably from the active species observed recently for [VO(acac) 2 ] and its derivatives 14 as it is apparent from a higher symmetry of the hyperfine coupling tensor and a higher value of calculated constant |A iso |.
Concluding remarks
This study demonstrated an excellent drying activity of VO-octoate. At concentration 0.03 wt% of the metal, its performance on series of solvent-borne alkyd binders resembles commercial Co-Nuodex at concentration recommended by supplier (0.1 wt%). In contrast to previously studied diketonate complexes, 14 the application of VO-octoate is not limited by solubility. Hence, it was synthesized as a solution in 2-ethylhexanoic acid and is well miscible with the alkyd resins under the study. The behavior of VO-octoate in real paint was simulated on formulations bearing commercial inhibitor of autooxidation (meko). The observed minor effects on tack free times and total dry times suggest no or negligible interactions with vanadium-based catalyst. The timeresolved FTIR measurements revealed relatively low rate coefficients for the hydroperoxide formation, which is the first step of the autooxidation process. Nevertheless, this virtual drawback is compensated for by the absence of the induction times (or very short ones) that strongly contrasts with cobalt-based driers. Furthermore, the obtained experimental data revealed that high conversion of the substrate is not necessary to get ''total dry'' alkyd film (at s 2 ), since the catalysts may show very different efficiency in hydroperoxide decomposition reactions that are in particular cases a rate determining for the autooxidation reaction. The stability of active oxovanadium species during the drying process was evidenced by EPR spectroscopic measurements. It was clearly shown that oligomeric oxovanadium species are slowly transferred to monomeric ones but not consumed by the proceeding redox processes. 
